Unified framework for Early Dark Energy from $\alpha$-attractors by Braglia, Matteo et al.
Unified framework for Early Dark Energy from α-attractors
Matteo Braglia,1, 2, 3, ∗ William T. Emond,4, † Fabio Finelli,2, 3, ‡ A. Emir Gu¨mru¨kc¸u¨og˘lu,5, § and Kazuya Koyama5, ¶
1Dipartimento di Fisica e Astronomia, Alma Mater Studiorum Universita` di Bologna,
Via Gobetti, 93/2, I-40129 Bologna, Italy
2INAF/OAS Bologna, via Gobetti 101, I-40129 Bologna, Italy
3INFN, Sezione di Bologna, Via Berti Pichat 6/2, I-40127 Bologna, Italy
4School of Physics and Astronomy, University of Nottingham,
University Park, Nottinham NG7 2 RD, United Kingdom
5Institute of Cosmology and Gravitation, University of Portsmouth,
Dennis Sciama Building, Portsmouth PO1 3FX, United Kingdom
(Dated: May 29, 2020)
One of the most appealing approaches to ease the Hubble tension is the inclusion of an early dark
energy (EDE) component that adds energy to the Universe in a narrow redshift window around
the time of recombination and dilutes faster than radiation afterwards. In this paper, we analyze
EDE in the framework of α-attractor models. As well known, the success in alleviating the Hubble
tension crucially depends on the shape of the energy injection. We show how different types of
energy injections can be easily obtained, thanks to the freedom in choosing the functional form
of the potential inspired by α-attractor models. To confirm our intuition we perform an MCMC
analysis for three representative cases and find indeed that H0 is significantly larger than in ΛCDM
like in other EDE models. Unlike axion-driven EDE models with super Planckian decay constant,
the curvature of EDE models required by the data is natural in the context of recent theoretical
developments in α-attractors.
I. INTRODUCTION
Recent low-redshifts distance-ladder measurements
suggest a larger Hubble constant H0 than the one deter-
mined from cosmic microwave background (CMB) data
[1]. The value of H0 inferred from the latest Planck 2018
data, H0 = (67.36± 0.54) km s−1Mpc−1 [2], is in a 4.4σ
tension with the most recent distance-ladder measure-
ment from the SH0ES team [3], H0 = (74.03 ± 1.42)
km s−1Mpc−1 which is determined by using type Ia su-
pernovae (SNe Ia) as standard candles [4]. Other low-
redshift methods to determine H0, such as from strong-
lensing time delay [5] or from calibrating SNe Ia by the
tip of the red giant branch [6–8], also point to a higher
H0 than in ΛCDM. In absence of unknown systematics,
new physics seems necessary to solve this H0 tension [9].
A common approach to model building consists of in-
creasing the expansion rate at redshifts around matter-
radiation equality in order to shrink the comoving sound
horizon at baryon drag rs, which results in a higher H0
inferred from CMB [10, 11]. The addition of light relics is
a typical example that helps ease the tension by changing
the early-time dynamics of the Universe [12–16]. Mod-
ified gravity models also lead to interesting solutions to
the H0 tension [17–25].
However, given the success of the Λ Cold Dark Matter
(ΛCDM) concordance model in fitting CMB anisotropies,
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the early time deviation from it must be minimal. To
this end, the Early Dark Energy (EDE) scenario is per-
haps the most minimal modification to the ΛCDM back-
ground dynamics that substantially alleviates the H0
tension. In this model, first proposed in [26], a very
light scalar field φ is frozen by Hubble friction during
radiation era, acting as DE with an equation of state
wEDE ≡ PEDE/ρEDE = −1 and contributing negligibly
to the energy budget of the Universe. Eventually, when
the Hubble rate becomes smaller than its effective mass
∂2V (φ)/∂φ2, the scalar field quickly rolls down its po-
tential and oscillates around its minimum, its energy di-
luting faster than radiation. This results in a very sharp
energy injection to the cosmic fluid, that for a suitable
value of the mass of φ occurs around matter-radiation
equivalence, successfully lowering rs. Since the seminal
work in [26], a substantial effort has been made in build-
ing new models of EDE [27–34] and testing their predic-
tions against larger datasets [35, 36].
In this work, we consider EDE in the framework of
α-attractors [37–39], in which the potential for the EDE
scalar field is given by
V (φ) = f2
[
tanh(φ/
√
6αMpl)
]
. (1)
This potential arises naturally by turning a non-
canonical kinetic pole-like term of the form [α/(1 −
ϕ2/6M2pl)
2](∂ϕ)2/2 into a canonical one. Through the
field redefinition φ =
√
6αMpl tanh
−1(ϕ/
√
6Mpl), the ki-
netic term becomes canonical and the potential acquires
the tanh(φ/
√
αMpl) dependence. Due to this field redef-
inition, the potential flattens to a plateau at large values
of φ. α-attractor models were first introduced in the
context of inflation, with predictions for the spectral in-
dex ns and tensor-to-scalar ratio r, largely independent
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2on the specific functional form of V (φ), hence the name
“attractors”. In the context of dark energy, α-attractor
models with an energy scale far below the one used in
inflation were considered in [40, 41]. An interesting con-
nection between dark energy and inflation for α-attractor
models has also been investigated in [42, 43].
In our EDE proposal, however, the shape of the po-
tential away from the plateau and around its minimum
is crucial, as it regulates the shape of the energy injection.
One of the attractive features of α-attractor models with
the potential in Eq. (1), is that they can easily accom-
modate various types of energy injection. Indeed, we will
show that, depending on the functional form of V (φ), a
smooth or oscillating energy injection can be produced,
reproducing results of all earlier works in the field in a
single framework [26, 27, 29].
This paper is organized as follows. In Sec. II, we de-
scribe the background evolution of the model and com-
pare it to existing EDE models, focusing on the shape
of the energy injection. We confirm the capability of
our model to alleviate the H0 tension by performing an
MCMC analysis in Sec. III and comment on our results
in Sec. IV. We end in the conclusions V.
II. BACKGROUND EVOLUTION AND
ENERGY INJECTION
Our model is described by the following Lagrangian
L = √−g
[
M2pl
2
R− (∂φ)
2
2
− V (φ)
]
+ Lm, (2)
where Lm is the Lagrangian for matter (including
baryons, CDM, photons and neutrinos) and the potential
is:
V (φ) = Λ + V0
(1 + β)2n tanh
(
φ/
√
6αMpl
)2p[
1 + β tanh
(
φ/
√
6αMpl
)]2n , (3)
where V0, p, n, α and β are constants. The potential
corresponds to the simple form V (ϕ) = Λ + V˜0x
2p/(1 +
β˜x2n) for the field ϕ with a pole-like kinetic term and has
an offset with respect to Ref. [40, 41]1, which is admitted
in the dark-energy context with α-attractors [43]. We
have inserted the normalization factor of (1 + β)2n to
ensure the same normalization of the plateau at large
φ > 0 for every choice of (p, n). For simplicity we will
consider β = 1 in the following and we will use a rescaled
scalar field Θ ≡ φ/(√6αMpl) when useful.
We show the potential for three particular choices of
(p, n) = {(2, 0), (2, 4), (4, 2)}, that we label {A, B, C}
1 Note that in our setting the field rolls towards the minimum of
the potential in φ = 0 and not towards infinity as in [40, 41].
respectively, in Fig 1. The reason for this choice will be-
come clear in the following. Note that the potential is
asymmetric around the origin in the last two cases for
which n 6= 0. As we will see, the potential in Eq. (3)
captures all the interesting phenomenological EDE mod-
els, but other functional forms can in principle be chosen
according to Eq. (1).
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FIG. 1. We plot the potential in Eq. (3) for (p, n) =
{(2, 0), (2, 4), (4, 2)}.
We now discuss the cosmological evolution of α-
attractor EDE. The dynamics of the scalar field is similar
to other models of EDE studied in the literature and is es-
sentially that of an ultralight axion field [44]. The scalar
field starts from its initial value Θi deep in the radiation
era and remains frozen because of the Hubble friction.
The energy density of the scalar field is subdominant in
this regime and its equation of state wEDE ≡ PEDE/ρEDE
is equal to −1, hence the name “Early Dark Energy”.
Eventually, the effective mass of the scalar field becomes
comparable to the Hubble rate H and φ starts to thaw.
The redshift zc at which this occurs can be implicitly de-
fined from the relation ∂
2V (φi)
∂φ2 ' 9H2(zc) [44]. After zc,
the Hubble friction is too weak to keep the scalar field up
its potential and it rolls down in a very short time. When
this happens, the potential energy of the scalar field is
converted into kinetic one and a certain amount of en-
ergy, parameterized by fEDE ≡ ρEDE(zc)/3M2plH2(zc) is
injected to the cosmic fluid. Depending on the slope of
the potential and its structure around the minimum, the
scalar field then starts to oscillate or simply freezes again
once it has exhausted its inertia. The critical redshift
zc and the value of the energy injection fEDE are the
key parameters describing all EDE models [45]. As we
are going to discuss, the shape of the energy injection and
wEDE crucially depend on the different possible dynamics
of the scalar field after zc. The scalar field energy den-
sity quickly redshifts away after zc and its contribution
becomes subdominant with respect to the other compo-
nents of the Universe.
We show in Fig. 2 the EDE dynamics for the three
(A, B and C) cases mentioned above. In particular, we
3plot the scalar field evolution, its equation of state and the energy injection in the left, central and right panel
respectively (see the caption for the parameters used).
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FIG. 2. We plot the evolution of the normalized scalar field Θ [Left], equation of state parameter wEDE [Center] and the energy
injection fEDE [Right] for the three models with (p, n) = {(2, 0), (2, 4), (4, 2)}. For definiteness, we have chosen fEDE = 0.1,
log10 zc = 3.5 and Θi = 0.4.
In the cases A and B , the scalar field oscillates at
the bottom of its potential leading to a highly oscilla-
tory equation of state. In the A case, the potential is
tanh4 Θ ∼ Θ4 around Θ ' 0 and therefore the shape for
the energy injection closely resembles the one obtained
in the Rock’n’roll model of Ref. [27] where V (φ) ∝ φ4.
On the other hand, the B case looks more similar to the
original EDE proposal of Ref. [26] (see e.g. Fig. 2 of
Ref. [30]). However, given the asymmetry of our poten-
tial for the B case, the oscillatory pattern in the energy
injection shows an asymmetric amplitude of odd and even
peaks in the oscillations. Although this is barely visible
in Fig. 2, this effect is more pronounced for larger Θi and
might in principle lead to distinct results, as the CMB
power spectrum is very sensible to the shape of fEDE(z)
[9].
The case C is instead different. Unlike the first two
oscillatory models, for this choice of p and n, the bot-
tom of the potential is very close to flat and the scalar
field shows no oscillations. As anticipated, this model
looks indeed similar to the canonical Acoustic Dark En-
ergy (cADE) model proposed in Ref. [29]. As in cADE
(see also Ref. [28]), the potential energy is suddenly con-
verted to kinetic one and the scalar field remains in a
kination regime in which wEDE = 1, and its energy is
kinetically dominated until it redshifts away. However,
differently from cADE, where the potential was intro-
duced by patching a quartic potential for positive values
of φ, to V (φ) = 0 for negative ones, our potentialC arises
naturally from the α-attractors construction.
Although we have focused on these three specific cases
that well reproduce some cases in the literature, we stress
that other possibilities can be obtained for other combi-
nations of the potential parameters (p, n).
III. COSMOLOGICAL CONSTRAINTS AND
IMPLICATIONS FOR THE H0 TENSION
In this Section, we perform a Markov-Chain Monte
Carlo (MCMC) analysis with cosmological data and in-
vestigate the capability of α-attractor EDE models to
ease the H0 tension. We use the publicly available code
MontePython-v32 [46, 47] interfaced with our modified
version of CLASS3 [48, 49]
We include several datasets in our analysis. We con-
sider CMB measurements from the Planck 2018 legacy
release (P18) on temperature, polarization, and weak
lensing CMB angular power spectra [50, 51]. The high-
multipoles likelihood ` ≥ 30 is based on Plik likelihood.
We use the low-` likelihood combination at 2 ≤ ` < 30:
temperature-only Commander likelihood plus the SimAll
EE-only likelihood. For the Planck CMB lensing likeli-
hood, we consider the conservative multipoles range, i.e.
8 ≤ ` ≤ 400. To provide late-time information, com-
plementary to the CMB anisotropies, we use the Baryon
Spectroscopic Survey (BOSS) DR12 [52] “consensus” re-
sults on baryon acoustic oscillations (BAO) in three red-
shift slices with effective redshifts zeff = 0.38, 0.51, 0.61
[53–55]. Additionally, we use the Pantheon supernovae
dataset [56], which includes measurements of the lumi-
nosity distances of 1048 SNe Ia in the redshift range
0.01 < z < 2.3. Finally, we make use of a Gaussian
prior based on the determination of the Hubble constant
from from Hubble Space Telescope (HST) observations,
i.e. H0 = 74.03± 1.42 [3].
We study the cosmological models denoted by
A, B and C introduced in the previous sec-
tion. We sample the cosmological parameters
{ωb, ωcdm, θs, ln 1010As, ns, τreio, fEDE, log10 zc, Θi}
using Metropolis-Hastings algorithm. We consider
2 https://github.com/brinckmann/montepython public
3 https://github.com/lesgourg/class public
4the following flat priors on the EDE parame-
ters: fEDE ∈ [10−4, 0.4], log10 zc ∈ [2.9, 4.2] and
Θi ∈ [0.05, 1.4]. We consider the chains to be converged
using the Gelman-Rubin criterion R − 1 < 0.01 and
adopt the Planck convention modeling free-streeming
neutrinos as two massless species and one massive with
Mν = 0.06 eV.
Concerning the linearized perturbations, we impose
adiabatic initial conditions and solve the exact evolu-
tion of the scalar field perturbations δφ(k, τ) in the syn-
chronous gauge [57].
Our results are summarized in Table I, where we report
the reconstructed mean values and the 68% and 95% CL,
and Fig. 3, which has been obtained using GetDist4 [58],
where we plot the reconstructed two-dimensional poste-
rior distributions of the main and derived parameters.
We also plot in Fig. 4 the one-dimensional posterior dis-
tributions on the parameters of the potential V0 and α.
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FIG. 3. Constraints on main parameters and H0 of the α-attractor models A, B and C from Planck 2018 data (P18), BAO,
Pantheon and SH0ES data. Parameters on the bottom axis are the standard cosmological parameters, and parameters on the
left axis are the EDE parameters that we sample with flat priors, rs in [Mpc] and H0 in [km s
−1Mpc−1]. Constraints for the
ΛCDM model obtained with the same dataset are also shown. Contours contain 68% and 95% of the probability.
IV. RESULTS
We now comment the results of the previous Section.
As expected, all the three cases lead to larger values for
the Hubble parameter H0, as can be seen from Tab. I.
We find that the larger energy injection is allowed in the
4 https://getdist.readthedocs.io/en/latest
model B for which fEDE = 0.082± 0.029 results in H0 =
(70.9 ± 1.1) km s−1Mpc−1 at 68% CL. This is followed
by model A for which fEDE = 0.065 ± 0.026 results in
H0 = (70.28±0.94) km s−1Mpc−1 and modelC for which
fEDE = 0.048
+0.029
−0.024 results in H0 = (69.88 ± 0.99) km
s−1Mpc−1.
In all the three models considered, cosmological data
require that the initial value for Θi ∼ O(1) after nucle-
osynthesis, once the slow-roll regime is considered. These
values are typical also for other EDE models. For these
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FIG. 4. One dimensional derived posterior distribution of the
potential parameters log10 V0/eV
4 and log10 α. The conven-
tion for the colors used is the same of Fig. 3.
values, the scalar field is hung up in the descending slope
of the potential shown in Fig. 1 after nucleosynthesis: this
range of values does not exclude that the scalar field could
have been in the plateau outside the slow-roll regime at
the beginning of the relativistic era.
Our results are in agreement with the comparison be-
tween A, B and C and models in the literature made in
the previous Section. Indeed, the higher value of H0 in
the literature of EDE models can be found in the original
EDE proposal of Ref. [26]. However, due to our use of
more recent CMB data and perhaps the slightly asym-
metric oscillations in the energy injection, our inferred
value for H0 is somewhat lower. In fact Ref. [35] also
found a H0 similar to ours when analyzing the model of
Ref. [26], adopting the same dataset used here.
Furthermore, contrary to Refs. [27, 29], the potential
in Eq. (3) contains two free parameters, and despite the
similar shape of the energy injection in the models A
and C respectively, the enhanced number of degeneracies
between parameters leads to a slightly different inferred
H0 also in this case.
We note an interesting difference between these EDE
models based on α-attractor-like potentials and those in-
spired by ultralight axionlike fields as Refs. [26, 30, 45].
In models involving cosine potentials, the axion decay
constant f has to take values of order O(Mpl) to solve
the H0 tension [35], in contrast with the weak gravity
conjecture [59]. Our results show instead that the al-
lowed range for α is natural in terms of model building
and also includes the discrete values for α motivated by
maximal supersymmetry [60, 61]. It is also interesting
to note that we have here a non-zero detection of α for
EDE, whereas at present we have only upper bound on
α for inflationary models [62].
V. CONCLUSIONS
In this paper we have studied a new model of Early
Dark Energy (EDE) consisting of a minimally coupled
scalar field in the framework of α-attractors. As is typi-
cal in EDE models, the scalar field remains frozen during
radiation era, until it becomes massive and quickly rolls
down the potential, injecting a sharp amount of energy
to the cosmic fluid and temporarily enhancing the ex-
pansion rate of the Universe. The shape of the energy
injection is crucial to solve the H0 tension and depends
on the structure of the potential around its minimum.
The only constraint in α-attractors is that the potential
has to be of the form V (φ) = f2 [tanh(φ/
√
α)], giving in
principle a large freedom to the model building.
Adopting the simple potential in Eq. (3) as a working
example, we have shown that it is indeed possible for the
energy injection to take several different shapes in the
single unified framework of α-attractors and reproduce
results from different studies in the literature. To illus-
trate this, we have analyzed three example models. In
the first two (A and B) the scalar field oscillates at the
bottom of the potential in a way that resembles the works
[27] and [26] respectively. Note however, that our second
example slightly differs from [26] since the asymmetry of
the potential around φ = 0 leads to an asymmetric pat-
tern of oscillations in the energy injection. In our third
model (C), instead, the scalar field never oscillates and
quickly transfers its potential energy to kinetic one, un-
dergoing a temporary phase of kination, as in Ref. [29].
We have used the latest Planck 2018 CMB tempera-
ture, lensing and polarization data together with a vari-
ety of high and low z BAO measurements, SNe Ia data
from Pantheon and the SH0ES estimate of the Hub-
ble constant, and run an MCMC simulation to con-
strain the model parameters. We have found that all
the models can significantly alleviate the H0 tension,
the best being the model B, for which an energy injec-
tion of fEDE = 0.082 ± 0.029 at the redshift log10 zc =
3.510+0.044−0.053 leads to an inferred value of the Hubble rate
today of H0 = (70.9± 1.1) km s−1Mpc−1 at 68% CL.
As noticed in the literature, EDE models change the
best-fit cosmological parameters from ΛCDM such as ns,
As and ωc. This could lead to tension with large scale
structure observations such as weak gravitational lens-
ing [35], although the conclusion depends on the CMB
data used in the analysis [36]. Another interesting conse-
6quence is the spectral index ns, which tends to be larger
than the one obtained in ΛCDM, ns ∼ 0.98. This has an
interesting implication for inflationary models. For ex-
ample, some inflation models based on α-attractors pre-
dict a larger ns if reheating occurs gravitationally [42, 43].
These α-attractor inflation models can be combined with
early dark energy models as a two field model. It will be
interesting to revisit inflation models in the light of new
constraints on ns [62–64].
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8ΛCDM p = 2, n = 0 (A) p = 2, n = 4 (B) p = 2, n = 4 (C)
102ωb 2.255± 0.014 2.274± 0.018 2.266± 0.018 2.283± 0.024
ωc 0.11854± 0.00093 0.1265± 0.0036 0.1286± 0.0041 0.1250± 0.0038
100 ∗ θs 1.04205± 0.00028 1.04154± 0.00037 1.04134± 0.00039 1.04161± 0.00040
τreio 0.0603± 0.0076 0.0602+0.0070−0.0081 0.0604+0.0068−0.0082 0.0583+0.0070−0.0079
ln
(
1010As
)
3.055± 0.015 3.067± 0.016 3.071± 0.016 3.064± 0.015
ns 0.9701± 0.0037 0.9803± 0.0057 0.9795± 0.0054 0.9797± 0.0063
log10 zc − 3.550+0.074−0.061 3.510+0.044−0.053 3.528+0.058−0.10
fEDE − 0.065± 0.026 0.082± 0.029 0.048+0.029−0.024
Θi − < 0.554 < 0.184 < 0.322
log10 α − −0.3+1.4−1.1 0.65+1.5−0.99 0.0+1.6−2.6
log10 V0/eV
4 − 1.7+2.5−1.7 1.4+2.4−1.7 3.4+4.5−4.0
H0 [km s
−1Mpc−1] 68.29± 0.42 70.28± 0.94 70.9± 1.1 69.88± 0.99
σ8 0.8105± 0.0064 0.8255± 0.0090 0.8271± 0.0091 0.829± 0.012
rs [Mpc] 147.21± 0.23 143.0± 1.8 142.0± 2.0 143.7+2.5−2.2
∆χ2min −9.68 −10.36 −8.66
TABLE I. Constraints on main and derived parameters considering Planck 2018 data (P18), BAO, Pantheon and SH0ES data.
We report mean values and the 68% CL, except for the subset of EDE parameters {Θi, log10 V0/eV4, log10 α} for which we
report the 95% CL.
